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Chapter 1 Introduction
Nondestructive evaluation (NDE) methods are needed to characterize damage on 304L stainless steel nuclear storage casks. Great care must be taken with nuclear storage casks because they contain radioactive particles. Damage, specifically the development of cracking, on these casks may eventually lead to containment breaches, causing a public health hazard, therefore damage needs to be characterized. 1 One of the main types of damage possible in the steel used for nuclear storage casks is Stress Corrosion Cracking (SCC). SCC occurs when a stress is applied to a metal, including residual stresses that arise in welding, and the metal is in a corrosive environment (including airborne chlorides). 3 Given the fact that these cracks are likely to appear next to welds, it is imperative that a nonlinear NDE method is used to characterize the damage. SCC may eventually break through the thickness of the cask, allowing radiation to leak out. Therefore SCC should be detected early on so that preventative measures can be implemented.
One type of nonlinear effect of interest here is that of the amplitude dependence of resonance frequencies of a damaged sample. Young's modulus is strain independent for linear elastic materials, but in damaged, nonlinear materials it depends on the strain experienced by the material. If we strike a damaged steel rod with a hammer harder and harder, a progressively lower frequency tone will be emitted. 4 Nonlinear elasticity is the reason behind this phenomenon. Inducing a higher strain will lower the Young's modulus of the sample according to the following equation derived by Remillieux et al.,
where ( ) is amplitude dependent Young's Modulus, is the undamaged Young's modulus of the bulk material, and is the maximum strain measured in the longitudinal direction during a longitudinal mode of vibration. Here is a nonclassical nonlinear elastic parameter that has been correlated with inhomogeniety. For instance, freshly milled stainless steel will have a very low, almost zero, . A sedimentary rock, such as sandstone, will have a much larger .
Damaged materials will also exhibit a measurable .
Nonlinear Resonant Ultrasound Spectroscopy (NRUS) is a technique used to measure the of a sample. 6 NRUS is used to measure the amplitude dependence of a particular mode's resonance frequency. A swept sine wave excitation signal, starting from a frequency below the expected resonance frequency to a frequency above the resonance frequency, is used to extract the resonance frequency. The amplitude of the excitation signal is then increased several times and the resulting resonance frequency noted each time. A shift downward in the resonance frequency with increasing strain amplitude is often encountered for damaged media as the elastic modulus softens (as implied in Eq. (1)). The strain at the resonance frequency peak is also extracted as a function of input excitation. The slope of a plot of the relative frequency shift as a function of strain determines for the sample. 6 NRUS was originally developed at Los Alamos National Laboratory in the 1990's in order to characterize the nonlinearity of a sample. 4 It was initially developed to study rock samples and has been used to study sandstone, soapstone, and granite. 7 It has been applied to characterize damage in materials that otherwise exhibit no NRUS shift, such as fatigue damage in copper and creep damage in stainless steel . 8, 9 Additionally it has been applied to characterize damage in materials that exhibit a NRUS shift in their undamaged state but the shift, and therefore the , increase further due to the presence of damage in order to characterize thermal damage in concrete and damage in bone. Elastic Nonlinearity Diagnostic to explore the depth dependence of SCC near welds. 18 The majority of the nonlinear acoustic techniques were applied to a single sample for proof of concept of the technique's ability to detect SCC rather than being applied to a set of samples with progressive damage.
The purpose of this thesis is to characterize overall SCC damage in 304L stainless steel samples by measuring . Samples are placed in a hot magnesium chloride (MgCl2) bath for varying lengths of time to induce SCC. It will be shown that in progressively damaged samples does increase with the amount of damage induced and that NRUS can therefore quantify the damage by measuring the .
Chapter 2 Experimental Methods

Sample Creation
Samples of 304L stainless steel having a weld and a cylindrical shape are created. The simple geometry of the cylindrical shape ensures that individual modes may be identified and 
Experimental Setup
NRUS experiments are controlled and data are taken using custom LabVIEW software.
The software sends out a stepped sine wave signal through a National Instruments (Austin, TX) As the sample is excited by a quasi-continuous wave with the transducer, the response is measured by a Polytec (Waldbronn, Germany) PSV-400 Scanning Laser Doppler Vibrometer (SLDV), whose output is digitized with a National Instruments PXIe-5122 digitizer (14-bit resolution and 100 MHz sampling frequency). Figure 6 depicts how the experimental apparatus is set up. As shown in Fig. 6 , the laser is shined on the end of the sample that does not have a piezoelectric transducer (PZT) attached. 
By applying the boundary condition = 0, the expression turns into
Since the longitudinal vibrations will accelerate the mass, the boundary condition for = is = ( ⁄ ) , where is the restoring force presented to the end of the rod and can be expressed as = − ( ⁄ ) , where is the cross sectional area and is the Young's modulus. Setting these two forces equal to each other results in
which can be further simplified to
By replacing E with the product of the density and the squared longitudinal speed of sound, , and equating the mass of the bar, , with , Eq. (5) becomes
This transcendental equation is used to predict the longitudinal resonances in Table 1 . 19, 20, 21 Since the samples are of length 12.7 cm (5 in.) and diameter 1.59 cm (5/8 in.) they are found to have longitudinal modes that are widely separated from torsional and flexural modes as shown in 
Chapter 3 Results
NRUS data are taken with a frequency resolution of 0.2 Hz. The frequency range used depends on the resonance frequency of the sample under test. Relatively undamaged samples have a frequency range that is slightly wider than the full width at half maximum span of frequencies. More damaged samples require a wider frequency range that extends further below the sample's resonance frequency, because the frequency shift is greater in damaged samples.
The sample exposed for the longest time, which is expected to have the most damage, is measured from 14.8-15.4 kHz while the undamaged sample was measured from 18.2-18.5 kHz.
The NRUS measurements utilize excitation voltage levels of 10V-100V in increments of 10V output from the amplifier to the transducer. Figure 4 displays sample NRUS measurements from samples exposed for 6 days, 14 days, and 22 days. Once the NRUS data is obtained, a parabolic peak-finding algorithm is used in the RITA software to carefully identify the peaks of the resonance curves (minimizing noise in the measured peaks), including the frequency at which the peak occurs and the amplitude of the peak. The measured peak amplitudes and resonance frequencies are exported to MATLAB to apply linear curve fitting (see Appendix A for code) in order to extract the of the sample. The relative frequency shift is defined as
where is the measured resonance frequency (obtained from the RITA peak-finding algorithm)
at the ith excitation amplitude and is the lowest amplitude resonance frequency measured. The strain for each resonance curve is calculated by dividing the peak velocity measured (obtained from the RITA peak-finding algorithm) by the sample's longitudinal sound speed. 5 The relative frequency shift values are plotted as a function of the strain and these data are analyzed in MATLAB using a least squares linear fit to extract the slope of the data. The absolute value of the slope is the measured . The process outlined above is followed for 13 samples. Table 2 displays the measured quality factor for the lowest amplitude excitation resonance curve, the effective Young's modulus calculated using Eq. (6) and the lowest amplitude resonance frequency, the maximum frequency shift measured at the highest excitation level, the maximum strain induced, the measured , and the of the linear fit for every sample. Figure 6 plots as a function of time exposed to MgCl2. It should be noted that while there is not a consistent monotonic increase, appears to increase exponentially with a longer exposure time. Several assumptions were made that could account for discrepancies in the data. It was assumed that the welds on the rods were identical with identical rod geometries. Differences in the welding process for each sample can result in corresponding differences in residual stresses induced during the welding. Different residual stresses in the rods could easily result in damage induced at different rates since the difference in HAZs (e.g. greater variability in grain boundaries) would mean that certain rods would be more susceptible to SCC. Another assumption is that the laser of the SLDV is pointed perpendicular to the sample and that the samples are supported by the rubber bands in the same way. It was also assumed that the piezoelectric transducers are the same and that they were bonded to the samples in the same manner. If this assumption weren't true, each bar would have different excitation amplitudes, resulting in different strain measurements which affects the measured . Care was taken to avoid variation in each of the above experimental conditions.
Chapter 4 Conclusion
Twelve stainless steel samples have been exposed to hot magnesium chloride for different lengths of time ranging from 2 days to 24 days to induce Stress Corrosion Cracking (SCC) in an accelerated manner. Nonlinear Resonant Ultrasound Spectroscopy (NRUS) was used to measure the amplitude dependence of the first longitudinal resonance frequency of the samples. The nonlinear parameter, , was extracted from the relative shifting of the resonance frequencies, measured as a function of assumed strain levels. It was found that SCC can be induced in a relatively fast manner using lower temperatures than typically used in the literature. 23 It was also found that while there is not a perfect monotonic increasing trend, there still is a general exponential trend between exposure time and the measured , which shows that NRUS can detect a likely cumulative degree of SCC in a sample. Differences in the data are thought to be due to differences in the welding process when the samples were created. Given the assumptions made, the trend shown in Fig. 6 indicates that higher quantities of SCC damage exhibit larger nonlinear shifts in resonance frequency.
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